Many diseases and complex traits exhibit population-specific causal effect sizes 31 with trans-ethnic genetic correlations significantly less than 1, limiting trans-ethnic 32 polygenic risk prediction. We developed a new method, S-LDXR, for stratifying 33 squared trans-ethnic genetic correlation across genomic annotations, and applied S-34 LDXR to genome-wide association summary statistics for 30 diseases and complex 35 traits in East Asians (EAS) and Europeans (EUR) (average N EAS =93K, N EUR =274K) 36 with an average trans-ethnic genetic correlation of 0.83 (s.e. 0.01). We determined 37 that squared trans-ethnic genetic correlation was 0.81¢ (s.e. 0.01) smaller than the 38 genome-wide average at SNPs in the top quintile of background selection statistic, 39 implying more population-specific causal effect sizes. Accordingly, causal effect sizes 40 were more population-specific in functionally important regions, including coding, con-41 served, and regulatory regions. In analyses of regions surrounding specifically expressed 42 genes, causal effect sizes were most population-specific for skin and immune genes and 43 least population-specific for brain genes. Our results could potentially be explained 44 by stronger gene-environment interaction at loci impacted by selection, particularly 45 positive selection. 46 2 Trans-ethnic genetic correlations are significantly less than 1 for many diseases and 48 complex traits, 1-6 implying that population-specific causal disease effect sizes contribute to 49 the incomplete portability of genome-wide association study (GWAS) findings and poly-50 genic risk scores to non-European populations. 6-12 However, current methods for estimating 51 genome-wide trans-ethnic genetic correlations assume the same trans-ethnic genetic correla-52 tion for all categories of SNPs, 2,5,13 providing little insight into why causal disease effect sizes 53 are population-specific. Understanding the biological processes contributing to population-54 specific causal disease effect sizes can help inform polygenic risk prediction in non-European 55 populations and alleviate health disparities. 6,14,15 56 Here, we introduce a new method, S-LDXR, for stratifying squared trans-ethnic ge-57 netic correlation across functional categories of SNPs using GWAS summary statistics and 58 population-matched linkage disequilibrium (LD) reference panels (e.g. the 1000 Genomes
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in each population (h 2 g1 pCq and h 2 g2 pCq) are estimated analogously. We then estimate the 92 stratified squared trans-ethnic genetic correlation, defined as 93 r 2 g pCq ρ 2 g pCq h 2 g1 pCqh 2 g2 pCq .
(2)
In this work, we only estimate r 2 g pCq for SNPs with MAF greater than 5% in both pop-94 ulations. We estimate r 2 g pCq instead of r g pCq to avoid bias (or undefined values) from above its default value of 0.5 and extending the functional annotations by 500bp on each 167 side 20 ameliorated the downward bias (and reduced standard errors) for annotations of small 168 size in null simulations ( Figure S5, S6) ;. However, increasing the shrinkage parameter also 169 biased results towards the null (λ 2 pCq 1) in causal simulations (Tables S7, S8, S9) , and 170 λ 2 pCq estimates for the extended annotations are less biologically meaningful than for the 171 corresponding main annotations. To ensure robust estimates, we focus on the 20 main bi-172 nary annotations of large size (¡ 1% of SNPs) in analyses of real traits (see below). Results
173
were similar at other values of the proportion of causal SNPs (1% and 100%; Tables S4, S6 , 174 S7, S9). We also confirmed that S-LDXR produced well-calibrated jackknife standard errors 175 (Tables S4-S9) . 176 In summary, S-LDXR produced approximately unbiased estimates of enrichment/depletion 177 of squared trans-ethnic genetic correlation in both null and causal simulations of both quin-178 tiles of continuous-valued annotations and binary annotations of large size (¡ 1% of SNPs).
179
Analysis of baseline-LD-X model annotations across 30 diseases and 180 complex traits 181 We applied S-LDXR to 30 diseases and complex traits with summary statistics in East 182 Asians (average N 93K) and Europeans (average N 274K) available from Biobank 183 Japan, UK Biobank, and other sources (Table S10 and Methods). First, we estimated the 184 trans-ethnic genetic correlation (r g ) (as well as population-specific heritabilies) for each trait. 185 Results are reported in Figure S7 and Table S10 . The average r g across 30 traits was 0.83 186 (s.e. 0.01) (average r 2 g = 0.69 (s.e. 0.02)). 28 traits had r g 1, and 11 traits had r g 187 significantly less than 1 after correcting for 30 traits tested (P 0.05{30); the lowest r g was 188 0.34 (s.e. 0.07) for Major Depressive Disorder (MDD), although this may be confounded by 189 different diagnostic criteria in the two populations. 26 These estimates were consistent with 190 estimates obtained using Popcorn 2 ( Figure S8 ) and those reported in previous studies. 2,5,6 191 Second, we estimated the enrichment/depletion of squared trans-ethnic genetic correla- and Table S1 ). We used the default shrinkage parameter (α 0.5) in all analyses. Results
195
are reported in Figure 2b and Table S11 . We consistently observed a depletion of r 2 g pCq 196 (λ 2 pCq 1, implying more population-specific causal effect sizes) in functionally important The background selection statistic quantifies the genetic distance of a site to its nearest 201 exon; regions with high background selection statistic have higher per-SNP heritability, con-202 sistent with the action of selection, and are enriched for functionally important regions. 21
203
We observed the same pattern for CpG content and SNP-specific F st (which are positively 204 correlated with background selection statistic; Figure 2a ) and the opposite pattern for nu-205 cleotide diversity (which is negatively correlated with background selection statistic analyzed, heritability enrichments did not differ significantly between EAS and EUR, consis-216 tent with previous studies. 19, 28 Results were similar at a more stringent shrinkage parameter 217 value (α 1.0; Figure S9 ), and for a meta-analysis across a subset of 20 approximately 218 independent traits (Methods; Figure S10 ).
219
Finally, we estimated λ 2 pCq for the 28 main binary annotations of the baseline-LD-X 220 model (Table S1) , meta-analyzing results across traits. Results are reported in Figure 3a and 221   Table S12 . Our primary focus is on the 20 annotations of large size (¡ 1% of SNPs), for which 222 our simulations yielded robust estimates; results for remaining annotations are reported 223 in Table S12 . We consistently observed a depletion of λ 2 pCq (implying more population-224 specific causal effect sizes) within these annotations: 17 annotations had λ 2 pCq 1, and 225 8 annotations had λ 2 pCq significantly less than 1 after correcting for 20 annotations tested 226 (P 0.05{20); these annotations included Coding (λ 2 pCq 0.90 (s.e. 0.03)), Conserved were similar at a more stringent shrinkage parameter value (α 1.0; Figure S9 ), and for a 232 meta-analysis across a subset of 20 approximately independent traits (Methods; Figure S11 ).
233
Since the functional annotations are moderately correlated with the 8 continuous-valued 234 annotations (Table S1c, Figure S1 ), we investigated whether the depletions of squared trans-235 ethnic genetic correlation (λ 2 pCq 1) within the 20 binary annotations could be explained 236 8 by the 8 continuous-valued annotations. For each binary annotation, we estimated its ex-237 pected λ 2 pCq based on values of the 8 continuous-valued annotations for SNPs in the binary 238 annotation (Methods), meta-analyzed this quantity across traits, and compared observed vs.
239
expected λ 2 pCq ( Figure 3b and Table S13 ). We observed strong concordance, with a slope 240 of 0.63 (correlation of 0.56) across the 20 binary annotations. This implies that the deple-241 tions of r 2 g pCq (λ 2 pCq 1) within binary annotations are largely explained by corresponding 242 values of continuous-valued annotations.
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In summary, our results show that causal disease effect sizes are more population-specific (Table S2) , by applying S-LDXR with the baseline-LD-X model to the 30 diseases and 251 complex traits (Table S10 ). We note that although SEG annotations were previously used to 252 prioritize disease-relevant tissues based on disease-specific heritability enrichments, 19,23 en-253 richment/depletion of squared trans-ethnic genetic correlation (λ 2 pCq) is standardized with 254 respect to heritability, hence not expected to produce disease-specific signals. Thus, for each 255 tissue, we meta-analyzed λ 2 pCq estimates across the 30 diseases and complex traits.
256
Results are reported in Figure 4a and Table S14 . λ 2 pCq estimates were less than 1 for 257 all 53 tissues and significantly less than 1 (p 0.05{53) for 39 tissues, with statistically 258 significant heterogeneity across tissues (p 10 ¡20 ; Methods). The strongest depletions of 259 squared trans-ethnic genetic correlation were observed in skin tissues (e.g. λ 2 pCq 0.81 (s.e. 260 0.02) for Skin Sun Exposed (Lower Leg)), Prostate and Ovary (e.g. λ 2 pCq 0.82 (s.e. 0.02)
261
for Prostate) and immune-related tissues (e.g. λ 2 pCq 0.83 (s.e. 0.02) for Spleen), and 262 the weakest depletions were observed in Testis (λ 2 pCq 0.97 (s.e. 0.02)) and brain tissues 263 (e.g. λ 2 pCq 0.96 (s.e. 0.02) for Brain Nucleus Accumbens (Basal Ganglia)). Results
264
were similar at less stringent and more stringent shrinkage parameter values (α 0.0 and 265 α 1.0; Figures S12, S13 and Table S14 ). A comparison of 14 blood-related traits and 16 266 other traits yielded highly consistent λ 2 pCq estimates (R 0.82; Figure S14 , Table S15 ),
267
confirming that these findings were not disease-specific.
268
These λ 2 pCq results were consistent with the higher background selection statistic 27 in 269 Skin Sun Exposed (Lower Leg) (R 0.17), Prostate (R 0.16) and Spleen (R 0.14) as 270 9 compared to Testis (R 0.02) and Brain Nucleus Accumbens (Basal Ganglia) (R 0.08)
271
( Figure S15 , Table S2 ), and similarly for CpG content ( Figure S16 , Table S2 ). Although Ovary. We further note the well-documented action of negative selection on fecundity-and 278 brain-related traits, 37-39 but it is possible that recent positive selection may more closely 279 track differences in causal disease effect sizes across human populations, which have split 280 relatively recently 40 (see Discussion).
281
More generally, since SEG annotations are moderately correlated with the 8 continuous-282 valued annotations ( Figure S17 , Table S2 ), we investigated whether these λ 2 pCq results could 283 be explained by the 8 continuous-valued annotations (analogous to Figure 3b ). Results are 284 reported in Figure 4b and Table S16 . We observed strong concordance, with a slope of 1.01
285
(correlation of 0.75) across the 53 SEG annotations. This implies that the depletions of regions are more strongly impacted by selection. To this end, we constructed an annotation 318 that is similar to the background selection statistic but does not make use of recombination 319 rate, instead relying solely on a SNP's physical distance to the nearest exon (Methods).
320
Applying S-LDXR to the 30 diseases and complex traits using a joint model incorporating whereas the nearest exon annotation was not conditionally informative (Table S17 ). This 324 result implicates stronger G¢E interaction in regions with reduced effective population size 325 that are impacted by selection, and not just proximity to functional regions, in explaining 326 depletions of squared trans-ethnic genetic correlation; however, we emphasize that selection 327 11 acts on allele frequencies rather than causal effect sizes, and could help explain our find-328 ings only in conjunction with other explanations such as G¢E interaction. Our results on 329 specifically expressed genes implicate stronger G¢E interaction near skin and immune genes 330 and weaker G¢E interaction near brain genes, potentially implicating positive selection (as 331 opposed to negative selection). This conclusion is further supported by the lack of variation 332 in squared trans-ethnic genetic correlation across genes in different deciles of probability of 333 loss-of-function intolerance 46 (Methods, Figure S18 , S19, Table S18 ). We conclude that de- We model a complex phenotype in two populations using linear models, Y 1 X 1 β 1 1 405 and Y 2 X 2 β 2 2 , where Y 1 and Y 2 are vectors of phenotype measurements of population 406 1 and population 2 with sample size N 1 and N 2 , respectively; X 1 and X 2 are mean-centered 407 but not normalized genotype matrices at M SNPs in the two populations; β 1 and β 2 are 408 per-allele causal effect sizes of the M SNPs; and 1 and 2 are environmental effects in the 409 two populations. We assume that in each population, genotypes, causal effect sizes, and 410 environmental effects are independent from each other. We assume that the per-allele effect 411 size of SNP j in the two populations has variance and covariance,
where a C pjq is the value of SNP j for annotation C, which can be binary or continuous-413 valued; τ 1C and τ 2C are the net contribution of annotation C to the variance of β 1j and β 2j , 414 respectively; and θ C is the net contribution of annotation C to the covariance of β 1j and β 2j .
415
We define stratified trans-ethnic genetic correlation of a binary annotation C (e.g. func-416 tional annotations 20 or quintiles of continuous-valued annotations 21 ) as,
where ρ g pCq °j C Covrβ 1j , β 2j s °j C°C 1 a C 1 pjqθ C 1 is the trans-ethnic genetic covariance 418 of annotation C; and h 2 gp pCq °j C Varrβ pj s °j C°C 1 a C 1 pjqτ pC 1 is the heritability (sum 
to avoid bias or undefined values in the square root. In this work, we only estimate r 2 g pCq 423 for SNPs with minor allele frequency (MAF) greater than 5% in both populations. To assess 
We meta-analyze λ 2 pCq instead of r 2 g pCq across diseases and complex traits. We note that 428 the average value of λ 2 pCq across quintiles of continuous-valued annotations is not necessarily 429 equal to 1, as squared trans-ethnic genetic correlation is a non-linear quantity. 
to estimate θ C , where Z pj is the Z-score of SNP j in population p; ¢ pj, Cq °k r 1jk r 2jk σ 1j σ 2j a C pkq 440 is the trans-ethnic LD score of SNP j with respect to annotation C, whose value for SNP k, 441 a C pkq, can be either binary or continuous; r pjk is the LD between SNP j and k in population 442 p; and σ pj is the standard deviation of SNP j in population p. 
respectively, using coefficients (τ 1C 1 , τ 2C 1 , and θ C 1 ) of both binary and continuous-valued 453 annotations. We then estimate r 2 g pCq as
whereb iaspCq is obtained using bootstrap to correct for bias in estimating the ratio. 24 We 455 do not constrain the estimate of r 2 g pCq to its plausible range of r¡1, 1s to be unbiased.
456
Subsequently, we obtain enrichment of stratified squared trans-ethnic genetic correlation as 457λ 2 pCq r 2 g pCq
wherer 2 g is the estimate of genome-wide squared trans-ethnic genetic correlation r 2 g . We use shrinkage. We then choose the most stringent shrinkage, γ mintγ 1 , γ 2 , γ 3 u, as the final 484 shared shrinkage for both heritability and trans-ethnic genetic covariance. 485 We shrink heritability and trans-ethnic genetic covariance of annotation C using γ as,
whereh 2 g1 pCq,h 2 g2 pCq, andρ g pCq are the shrunk counterparts of 488ĥ 2 g1 pCq,ĥ 2 g2 pCq, andρ g pCq, respectively. We shrinkr 2 g pCq by substitutingĥ 2 g1 pCq,ĥ 2 g2 pCq, 489 andρ g pCq withh 2 g1 pCq,h 2 g2 pCq,ρ g pCq, respectively, in Equation (9), to obtain its shrunk
and scaled the drawn effect sizes to match the desired total heritability and trans-ethnic 554 genetic covariance. We simulated genetic component of the phenotype in population p as 555 X p β p , where X p is column-centered genotype matrix, and drew environmental effects, p , 556 from the Gaussian distribution, N 0, 1 ¡ VarrX p β p s¨, such that the total phenotypic vari-557 ance in each population is 1. Finally, we simulated GWAS summary association statistics Table S10 . In our main analyses, we performed random-effect meta-analysis to 576 aggregate results across all 30 diseases and complex traits. We also defined a set of 20 577 approximately independent diseases and complex traits with cross-trait r 2 g (estimated us- To obtain expected enrichment of squared trans-ethnic genetic correlation of a binary 584 annotation C, λ 2 pCq, from 8 continuous-valued annotations, we first fit the S-LDXR model 585 using these 8 annotations together with the base annotation for all SNPs, yielding coefficients, 586 τ 1C 1 , τ 2C 1 , and θ C 1 , for a total of 9 annotations. We then use Equation (3) to obtain per-SNP 587 variance and covariance of causal effect sizes, β 1j and β 1j , substituting τ 1C , τ 2C , θ C with τ 1C 1 , 588 τ 2C 1 , and θ C 1 , respectively. We apply shrinkage with default parameter setting (α 0.5), 589 and use Equation (9) and (10) annotations and the 8 continuous-valued annotations are reported in Figure S17 and Table   596 S2. Most SEG annotations are moderately correlated with the background selection statistic 597 and CpG content annotations. 598 correlation, λ 2 pCq, across the 53 SEG annotations, we first computed the average λ 2 pCq 600 across the 53 annotations,λ 2 pCq, using fixed-effect meta-analysis. We then computed the test 601 statistic°5 3 i1 pλ 2 pC i q¡λ 2 pC i2 Varrλ 2 pC i qs , where C i is the i-th SEG annotation, andλ 2 pC i q the estimated 602 λ 2 pCq. We computed a p-value for this test statistic based on a χ 2 distribution with 53 603 degrees of freedom.
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Analysis of distance to nearest exon annotation 605 We created a continuous-valued annotation, named "distance to nearest exon annota- Table S14 . (b) We report observed λ 2 pCq vs. expected λ 2 pCq based on 8 continuous-valued annotations, for each SEG annotation. Results are meta-analyzed across 30 diseases and complex traits. Error bars denote¨1.96¢ standard error. Annotations are color-coded as in (a). The dashed black line (slope=1.01) denotes a regression of observed λpCq ¡ 1 vs. expected λpCq ¡ 1 with intercept constrained to 0. Numerical results and population-specific heritability enrichment estimates are reported in Table S16. populations of African and European descent". In: The American Journal of Human
